Introduction
Harvesting solar radiation to produce pure water by evaporation provides an environment-friendly means of seawater desalination and wastewater treatment. [1] [2] To utilize the solar energy efficiently, absorbing materials are usually introduced into water surface to enhance the capture of sunlight. Ideally, the absorbing material should have a broadband absorption property, being able to harvest a large portion of the solar spectrum and convert the absorbed energy into heat with minimum heat loss through radiation and conduction. [3] [4] The design of the solar evaporation system is also critical. Significant efforts have been made to optimize the systems: optical concentration or thermal concentration was used to enhance the vapor temperature; [5] [6] [7] [8] [9] floatable thermal insulating supports were developed to localize the generated heat at the water-air interface; [10] [11] [12] a surface thermal insulating layer was also reported to enable further concentration of the heat. 13 The most often used absorbing materials include metallic plasmonic nanostructures (nanoparticles and their assemblies) [5] [6] [7] [10] [11] [12] and carbon-based materials. 3, [14] [15] [16] [17] [18] Despite the strong resonant absorption of plasmonic materials, special synthesis, assembly, and fabrication processes are usually needed to achieve broadband absorption through the hybridization of localized surface plasmon resonance (LSPR).
This fact along with the already high cost of plasmonic metals hinders the large scale production and practical applications of these nanostructures. The long-term stability of plasmonic nanostructures is also a potential issue, because upon repetitive heating, metallic nanocrystals tend to fuse into bulk materials losing their LSPR properties. By comparison, carbonbased absorbing materials have advantages of low cost, easy availability, and high stability. Currently, investigations in this area are mainly focused on crystalline carbons, e.g. graphite, 16 graphene, 3 and carbon nanotube, 14, 17 although there are no evidences of their advantages for solar thermal conversion over amorphous carbons. In fact, the high thermal conductivity of crystalline carbons is unfavorable for heat localization. In comparison with crystalline carbon materials, amorphous carbons are even cheaper and more abundant, and more importantly, they can be easily prepared with tunable textural properties and flexible compositions. There are few studies in the literature using amorphous carbons for solar evaporation, whereas the influences of the pore structure and composition of the carbon on the conversion efficiency were not investigated.
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Aluminosilicate zeolites are widely used as solid acid catalysts because their well-defined porous structure in molecular dimensions can provide unique size/shape selectivity. The reactions over zeolite catalysts are always accompanied by the formation of coke that mainly consists of various polycyclic aromatics and causes the deactivation of catalyst by blocking the catalytic active sites. [20] [21] [22] [23] [24] The cokes are usually simply burned out to regenerate the zeolite catalysts for the next reaction cycle. In this study, however, we demonstrate that upon a proper pyrolysis process, the cokes can form a continuous carbon framework and be isolated from the fully deactivated zeolite catalysts by removing the aluminosilicate. Given that their textural properties (surface area, porous structure, pore size etc.) and the composition vary with the type of feedstock and zeolite, reaction conditions, and post treatment processes, the as-prepared carbon materials provide a platform for investigating how these factors influence the energy conversion efficiency of carbon-based solar thermal agents. The highest solar thermal efficiency that we observed with these coke-derived carbons is 72% under 2 sun illumination, and this performance is comparable with those of many plasmonic solar evaporation systems.
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Results and discussion
We performed the methanol to aromatics (MTA) reaction over zeolite catalysts using a fixed-bed reactor at 650 o C. Methanol was co-fed with 20 wt% furfuryl alcohol to enhance the selectivity towards aromatics. The details of the reaction conditions are elaborated in the Experimental section. Two types of zeolite, ZSM-5 and Beta in the hydrogen form, were used as catalysts for the reaction. They are both nanocrystalline with crystal sizes less than 300 nm and agglomeration between crystals ( Fig. 1a and 1b) . After 5 h on stream, the two catalysts were fully deactivated with the conversion of methanol < 10%. The carbon derived from ZSM-5 (denoted as C-ZSM-5-A; ~25 wt% yield relative to the zeolite) was composed of hollow particles that replicated the shape but not the microporous structure of the zeolite crystals (Fig.  1c) . X-ray diffraction (XRD) confirms that C-ZSM-5-A does not have structure ordering (Fig. 2a) . This result is consistent with previous reports, [20] [21] indicating that the coke can only deposit on the external surfaces of ZSM-5 due to the constraint of its small 10-membered rings that prevents the formation of coke intermediates in the microporous channels. In contrast, carbon derived from zeolite Beta (denoted as C-Beta-A; ~60 wt% yield relative to the zeolite) replicated not only the crystal shape but also the microporous structure of the zeolite, as evidenced by the ordered lattice fringes in the transmission electron microscopy (TEM) image (Fig. 1d) . The XRD pattern of C-Beta-A shows two peaks at low angles (2 theta: 7 and 15 o ), confirming the ordered microstructure, while the absence of peaks at higher angles demonstrates its amorphous nature at the atomic level (Fig. 2a) . [25] [26] These results indicate that the large 12-membered-ring channels of Beta allow the coke to form inside, growing into a negative replica of the original zeolite structure. In agreement with TEM and XRD results, C-ZSM-5-A and C-Beta-A exhibit type IV and type I argon (Ar) sorption isotherms, corresponding to non-porous and microporous materials, respectively ( Fig. 2b and 2c) . Accordingly, C-Beta-A has a larger Brunauer-Emmett-Teller (BET) surface area and a higher pore volume than does C-ZSM-5-A (BET surface area: 919 vs. 112 m 2 /g; total pore volume: 0.59 vs. 0.25 cm 3 ·g -1 )
( Table 1 ). The pore size distribution profiles confirm that CBeta-A contains uniform micropores centered at ~1.2 nm, while C-ZSM-5-A is essentially a non-porous material. The two carbons have similar compositions containing ~ 4.5 wt% oxygen and ~ 2.4 wt% hydrogen ( Table 1) . To investigate the performance of these coke-derived carbon materials in the application of solar evaporation, we deposited 40 mg of the carbon material from a water suspension onto a cellulose membrane (a piece of Whatman Grade 3 filter paper, area: 4.9 cm 2 ) by simple vacuum filtration.
The resulting black membrane floating on the surface of water in a beaker was placed under a solar simulator with the irradiation power density controlled to be 1950 W m -2 (~ 2 suns). We measured the water mass reduction m(t) due to water evaporation as a function of time t and calculated the solar thermal efficiency η based on the following formula:
Please do not adjust margins Please do not adjust margins ߟ ൌ ݉ሶ ݄ ‫ܫ‬ ⁄ (1) where ݉ሶ ሺ‫ݐ‬ሻ ≡ ݀݉ ‫ݐ݀‬ ⁄ denotes the time derivative of the mass reduction m(t) at thermal equilibrium, h LV is the latent enthalpy of the liquid-vapor phase change, and I is the irradiation power used. Note that the latent enthalpy of water is temperature dependent. This fact has usually been ignored in the literature, in which the h LV value at 100 °C (~ 2260 kJ/kg) was used for calculation although the water temperature did not reach that high in most systems. Here, we measured the actual equilibrium temperature of water under irradiation and used the h LV value of that temperature (e.g., 2380 kJ/kg at 50 °C) to calculate the efficiency. ). The results of a pure water system are labelled as blank for comparison purpose.
Our measurements indicate that both C-ZSM-5-A and CBeta-A enhance the solar thermal efficiency for water evaporation, in comparison with the system of pure water as a control (the blanks in Fig. 3) . Specifically, the evaporation rates were 1.69 kg m -2 h -1 with C-ZSM-5-A and 1.85 kg m -2 h -1 with CBeta-A, which were 3.7 times and 4.1 times that of pure water (0.45 kg m -2 h -1 ), and their energy conversion efficiencies were calculated to be 57.4% and 62.8%, respectively (Table 1) . Given their similar compositions, we attribute the higher solar thermal efficiency of C-Beta-A relative to C-ZSM-5-A to its porous structure that facilitates the transport of water molecules through the carbon layer. It has been reported that the wettability of the absorbing material has important effects on the efficiency of solar evaporation. 3, 16 The transport of water is expected to be promoted by increasing the affinity of the absorbing material to water. Therefore, we propose that the solar thermal efficiency of the coke-derived carbon can be further enhanced by introducing heteroatoms (e.g. oxygen) to increase the polarity of the carbon framework. To achieve this, we performed a methanol to olefins (MTO) reaction over zeolite Beta under the same reaction conditions for the MTA reaction described earlier except that pure methanol was used as the feed without co-feeding furfuryl alcohol. We expected that a higher content of oxygen in the reaction feed would lead to a higher content of oxygen in the coke and eventually in the final carbon material. Following the processes used for preparing C-ZSM-5-A and C-Beta-A (full deactivation of zeolite, pyrolysis, and removal of aluminosilicate), a new carbon material was obtained and denoted as C-Beta-O. In the XRD pattern of CBeta-O, there are three visible peaks at low angles, indicating an even higher structural ordering than C-Beta-A (Fig. 2a) . As shown in the Ar sorption isotherms (Fig. 2b) , C-Beta-O has a similar adsorption behavior and pore size distribution profile as C-Beta-A, but almost doubled total adsorption amount and surface area (1704 m 2 /g) ( Table 1 ). These results indicate that like C-Beta-A, C-Beta-O is a negative replica of the zeolite Beta, having an ordered microporous structure. One possible reason for the different surface areas between C-Beta-A and C-Beta-O is that in the MTO reaction, cokes were selectively generated in zeolite channels, while in the MTA reaction, cokes were rapidly formed not only in zeolite channels but also in the void spaces among zeolite nanocrystallites, leading to a certain amount of non-porous carbon in the final product. Moreover, as expected, the oxygen content in C-Beta-O is 9.6 wt%, remarkably higher than that in C-Beta-A (Table 1) . When used for solar evaporation under the same conditions described above, C-Beta-O gave an evaporation rate of 2.14 kg m -2 h -1 that corresponds to a solar thermal conversion efficiency of 72.5%, surpassing the performances of C-ZSM-5-A and C-Beta-A ( Figure 3 and Table 1 ). The different conversion efficiencies of the three carbon materials are also reflected by the temperature rise of the water measured at the water surface immediately below the floating carbon membrane. As shown in Fig. 3b , the surface temperature of water at equilibrium conditions was 50 °C for C-Beta-O, 45 °C for C-Beta-A, 41 °C for C-ZSM-5-A, and 35 °C for pure water. In comparison with C-Beta-A, C-Beta-O has a larger surface area and a higher oxygen content. These two factors may both affect the energy conversion efficiency. However, we infer that the effect of surface area is relatively trivial from the fact that C-Beta-A has an 8-fold larger surface area than C-ZSM-5-A but exhibits only ~ 10% higher conversion efficiency. To demonstrate that these findings generally apply to other types of amorphous carbon, we prepared two activated carbon materials with comparable surface areas (> 1500 m 2 /g, Fig. 4a) but different oxygen contents (7.7 wt% and 1.9 wt%, respectively), and tested their solar thermal efficiencies under the same conditions as used for the coke-derived carbons ( Table 1 ). The activated carbon containing more oxygen (AC-H) gave a 59.4% conversion efficiency (Fig. 4c) , higher than the efficiency (53.6%) of the low-oxygen counterpart (AC-L). On the other hand, we notice that activated carbons show lower efficiencies than coke-derived carbons from zeolites, despite their larger surface areas. These results consolidate the conclusion that the solar thermal efficiency positively correlates with the oxygen content in the carbon materials but has little relation with their surface areas. Note that both activated carbons and coke-derived carbons are amorphous materials and they follow the same trend that the energy conversion efficiency increases with the oxygen content, but our results indicate that coke-derived carbons are superior to activated carbons with comparable content of oxygen. We attribute the different solar thermal performances between these two types of carbon material to their different porous structures. Coke-derived carbons have inverse structures of zeolite containing three-dimensionally interconnected channels (~1.2 nm in diameter) that allow water to easily evaporate through the absorbing membrane. In contrast, activated carbons prepared by conventional KOH etching method mainly contain isolated ultra-micropores (~ 5 Å) (Fig.  4b) , and consequently the transport of water molecules largely takes place on the external surfaces of the carbon particles, leading to a lower efficiency. Namely, it is not the apparent BET surface area but the area of the surfaces easily accessible for water that determines the energy conversion efficiency. Therefore, both the oxygen content and the proportion of large interconnected pores in the carbon are crucial factors. We also tested a commercial carbon nanotube (CNT) material that has a BET surface area of 271 m 2 /g ( Fig. 4a and Table 1 ). The characterization by using Raman spectroscopy reveals that this CNT sample has a markedly lower value of the intensity ratio between the D band at 1350 cm -1 and G band at 1590 cm -1 (I D /I G ), as compared with those amorphous carbons materials tested in this study, indicating a higher degree of structural ordering at the atomic level. [27] [28] [29] Under the same experimental conditions, 40 mg of CNT gave a water evaporation rate of 1.77 kg m -2 h -1 , corresponding to an energy conversion efficiency of 60.2%. This undistinguished performance implies that the crystallinity of carbon (or the degree of graphitization) is not an important influential factor to the solar thermal conversion efficiency either. Finally, it is worth noting that the solar evaporation system we described above has been optimized. For instance, depositing 40 mg of C-Beta-O on the cellulose membrane gives rise to a carbon surface layer of ~ 110 µm, as estimated from the area of the membrane and the density of carbon. This thickness proved to be the optimal tradeoff between the sunlight capture and heat conduction to the underneath water, and deviation from the optimal thickness led to decreases in energy conversion efficiency (Fig. 5a) . Moreover, although the tested carbon materials can self-float on the surface of water, the use of a cellulose membrane as a heatinsulating layer is necessary for achieving a high energy efficiency. Without a cellulose membrane, 40 mg of C-Beta-O floating on the water surface gave a solar thermal efficiency of only 62% under the same illumination conditions. The role of the cellulose membrane is clearly illustrated by the infrared (IR) thermal images in Fig. 5b , where a sharp temperature gradient was formed at the water/air interface by the membrane meaning an efficient heat confinement, while the system with self-floating carbon showed obvious heat dissipation into non-evaporative bulk water.
Conclusions
In summary, cokes produced from zeolite-catalyzed reactions can be easily converted to porous carbons and then used as photo-thermal agents for solar-driven water evaporation. The textural properties and compositions of the carbon can be Please do not adjust margins Please do not adjust margins tuned by varying the type of zeolite and reaction conditions. One of the coke-derived carbons, C-Beta-O, outperformed other carbon materials including a carbon from zeolite ZSM-5, activated carbons and commercial carbon nanotubes, in terms of solar thermal efficiency, due to its ordered interconnected porous structure replicated from zeolite Beta and high content of oxygen in the framework. The integration of threedimensional pore structure, large pore size and high affinity to water in C-Beta-O promoted the transport of water, leading to an energy conversion efficiency as high as 72% under 2 suns. In addition, the BET surface areas and crystallinity of carbon materials proved not to be influential factors for the solar thermal conversion efficiency. 
Experimental Chemicals
Zeolite ZSM-5 (SiO 2 :Al 2 O 3 = 50:1) and zeolite Beta (SiO 2 :Al 2 O 3 = 25:1) were purchased from Alfa Aesar company. A carbon nanotube (CNT) sample and an activated carbon material (AC-L) were purchased from SunYoung Chemical Co., Ltd. Other chemicals of GC/LC grade were purchased from Sigma-Aldrich without further purification.
Preparation of coke-derived carbon materials
C-ZSM-5-A and C-Beta-A were prepared from zeolite ZSM-5 and Beta, respectively, by using the mixture of methanol and 2-methylfuran (4:1, w/w) as the reaction feedstock. Typically, 0.5 g of ZSM-5 (or Beta) catalyst was placed in a vertical quartz reactor and the reactor temperature was then raised to 550 o C under dry nitrogen flow (50 mL/min). After 60 min, the temperature of the reactor was raised to 650 o C and the liquid feedstock (mixture of methanol and 2-methylfuran) was pumped into reactor using a high-performance liquid chromatography pump at a flow rate of 0.04 mL/min (keeping N 2 flow unchanged). After 5 h of reaction, the liquid feed was turned off and the reaction bed was heated up at 750 o C for another 1 h under a N 2 flow. The reactor was then cooled down to the room temperature. The zeolite catalyst was taken out of the bed and washed with a HF solution (47%) twice to completely remove the aluminosilicates. The obtained carbon () was washed with water and ethanol, and dried in the oven. C-Beta-O was prepared by following the same procedure described above for C-Beta-A, except that methanol alone was used as the feedstock and its flow rate was 0.01 mL/min. The activated carbon AC-H was prepared following the below method: 23.5 g of furfuryl alcohol was added into 60 mL of acetone solvent, and stirred for 5 minutes vigorously. The polymerization of furfuryl alcohol using 2 g of ptoluenesulfonic acid as a catalyst was conducted at 120 o C for 5 h with condensed reflux. After removing acetone by vacuum evaporation, the resultant solid product was carbonized at 600 o C for 5 h and activated by KOH (m carbon /m KOH = 1:2.5, w/w) at 
Characterization
Powder X-ray diffraction patterns were recorded on using Bruker D8 Advance instrument with Cu Κα radiation (40 kV, 40 mA). Ar adsorption-desorption isotherms were measured at liquid argon temperature (87K) on a Micromeritics 3Flex apparatus after vacuum sample degassing for 10 h at 300 o C.
BET surface areas were determined using data points in a relative pressure range of 0.05-0.2. Pore size distribution and pore volume were determined using density functional theory (DFT) method, assuming a slit-shaped geometry, and total pore volumes were estimated at P/P 0 = 0.95. The contents of carbon, hydrogen and oxygen in various carbon materials were determined by using a CHNS elemental analyzer (Thermo scientific Flash 2000). TEM was performed on a FEI Titan-ST microscope operated at 300 kV. Raman spectra were recorded on a Horiba Aramis apparatus with an incident wavelength of 473 nm.
Solar-driven water evaporation experiments
The solar-driven water evaporation experiments were performed at room temperature. A glass beaker (40 mL and 2.5 cm in inner diameter) was wrapped up with fiberglass for thermal insulation and filled with 30 mL of water. A cellulose membrane with carbon material deposited was placed on the surface of water. The beaker was then placed on an electronic balance to monitor the real-time water mass change. A sun simulator was used to provide illumination at intensity of 1950 kW·m -2 (~ 2 suns). The weight loss of the water was recorded regularly for calculating the water evaporation rate. A temperature monitor device (K type, CEM DT-8891E) was used to monitor the temperature at the water surface under the membrane.
